
HWAHAK KONGHAK Vol. 40, No. 4, August, 2002, pp. 516-522
���� TiO2 �� � �	
� �
 �� ���

����������	*�
��**��
�†

����� ���� �����, **	
����
(2002� 3
 23� ��, 2002� 5
 14� ��)

Preparation of Nano-Size TiO2 Particles and Photo-Degradation 
of Phenol by Photocatalysts

Sang-Keun Choi, Dong-Joo Kim, Sang-Cheol Shin*,Myoung-Gi So** and Kyo-Seon Kim†

Department of Chemical Engineering, **Department of Advanced Materials Science Engineering, 
Kangwon National University, Chunchon 200-701, Korea

(Received 23 March 2002; accepted 14 May 2002)

� �

� ����� ��	 
� �
�� ���� ���� �
� �� TiO2 ��� ����� ��  TiO2 ��!" #

$% &'��(. )* slurry 	 +,- �
��� ��  TiO2 +,-� ���� ./" +&0� &'��(. �1/�2

" �3 4567 879�:, ;� TiCl4 �3 <=7 879�:, >? �? 45@ A29�: TiO2 ��" BC D��

87*(. TiO2 ��" 6EFGH ;� TiCl4 �3 <=7 87I� �� A2*(. TiO2 +,-" BC �� D�7 A2

9�:, O2 �3 45@ 879�:, ./" +&0 J=� 87*(. TiO2 ��" anatase �$" K@ L%�: ./" +

&0 J=� MN OPQ(.

Abstract − The nano-sized TiO2 particles by the diffusion flame reactor were prepared and the effects of several process vari-

ables on the properties of TiO2 particles were investigated. The photo-degradation of phenol was also analyzed with the pre-

pared TiO2 particles in the slurry type photocatalytic reactor. As the fuel/O2 input ratio or inlet TiCl4 concentration increases or

as the total gas flow rate decreases, the TiO2 particles size increases. The specific surface area of TiO2 particles decreases as the

inlet TiCl4 concentration increases. As the TiO2 particle size decreases or as the O2 flow rate increases, the photo-degradation

efficiency of phenol increases by the faster photo-degradation rate. The larger the amount of anatase phase in TiO2 particles, the

higher the photo-degradation efficiency of phenol is.
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1. � �

��� ��� �� 	
� �
 ����, ���� � ���� �

� �� ������� � 
!" #$. %&' ()*+', -./

0� ����1+ �� 2�� 345" #$. ����6 789 :

� �;6 <�=> ?-� @A BC�D ?E, F�G�(BC)?E,

HIE BC�D ?E �� �� JKL/ =>?-� MNOP-, Q

RI>-(�SQR), BCTU VW� XY-, �Z�[?- �� ��

K> 4L/ =>?-0� \]^)$. �;6 <�=> ?-6 �QI

� _`Ra6 ��K�U bcd "`\ �`Ra� e4fg h i

Pd I
j! kjl 2m no � $bp noV qrj$, bsV

#$[1-5]. %&', �;6 <� => ?-tV u" #, bstU v

wj� :
 x�y <�=>�z+ �� {| � p	V r|5" #$.

}~� �MU VW� <�=> ?-� 2m Q�K6 	JV �" R

� � RS+' �WV ��j$, FsU �!" #^ Z4 � �Z4

!?� T4�8, ���, ��w��, ��, p�BC�, ���, ��

�, �C ��K � �� �� �� 4�K6 I
+ BWj�, {|

� ��+ �V ��5" #$. �� }~�9 VW� �JK6 =>

(germs, virus, bacteria, cancer), self-cleaner, ���6 I
 �+ �� {|

  B	d )�5" #$[6-11]. TiO2 ¡¢, £¤C, £W
C ¡¢V

¥, band-gap +¦!� § 3.2 eV� 4L/0� �¨ ©oj" ¢{}

�6 ¢ª(0�  �4�MV ��jl }~��' BW5" #$.

TiO2 ¡¢ �« ?-+, �R-� _R-V #0¥, �R-0� ¡¢

9 �«¬ �¨ _R-+ £
 ¡¢6 ­� «®V ¯" �« noV

bcj$.

° {|+', �R- ± ²�³ 4� �M�9 �Wjl noe�

e4+ %& \´­� TiO2 ¡¢9 �«jµ0¥ noe� e4� TiO2

¡¢6 KC+ �¶, ·¸U I¹jµ$. �� �«� TiO2 }~�9

�Wjl ��6 }I
 �ºU jµ0¥ noe�9 e4f» �¥ �
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�6 }I
 ¼½U `p/0� I¹jµ$.

2. ���� 	 
�

2-1. TiO2 �� �� ��

\´­� TiO2 ¡¢9 �«j� :
 �W� �ºF¶6 ¾¿ ,

Fig. 1� �$. ²�4� �M�, À�V 2.5 cm� 5¾6 Á�10� |

C5^ #$. ²�4� �M�9 VW� TiO2 ¡¢ �«9 :
  f�

Â(Ã�Ä 59.25%, �8 30.45%, �8 8.09%, QT 1.47%)9 {��Â

� �Wjµ$. ° {|+' �W� ÅÆ �`( f�Â, �8, �8),

silica-gel+ Ç�f» �IU �[� È �Ép9 �Wjl �M�+ o

É n�5 Ê jµ$. _R6 TiCl49 �M�� n�j� :
 N2 �

`9 TiCl4 bubbler+ Ç�f» ËoÉ6 TiCl4� N2 �`+ Z4Ì È

²� 4� �M�6 Í ÎÏ Á�1+ n�5 Ê jµ$. �Ð Å��

�`6 ÑÒU plug ÑÒ0� ©o4fÓ� :
 Ô ÎÏ Á�1 ¡|

9 Ç
 sheath �`(N2)9 Õ¡jµ$.

²� 4� �M�6 4�� , R-type ÖP�× optical pyrometer9

VWjl Øojµ$. �M�+ 6
 �«Ì TiO2 ¡¢, pyrex ÙU Ç

�j�' �Ú+ 6
 CFjÛ 5¥ CF� TiO2 ¡¢9 Ö·Á ÜR

U VW� collector9 �Wjl ZNjµ$. �«Ì TiO2 ¡¢6 KC�

BET(Micomeritics, ASAP2000), XRD(Bruker, D5005), }�Ý ?-U V

W� particle sizer(Brookhaven, 90Plus) �U VWjl Øojµ$.

2-2. �� 	
� �
��

° {|+' ��6 }I
 �ºU :
 �W� �M�6 ¾¿ ,

Fig. 2+ \Þß$. }I
 �M�, À�V 6.5 cm� ªQ àá, 4 cm�

�Q àá, ¢� â��� |C5^ #" ªã�Q àá6 ä�� pyrex

V$. }I
 �ºU :
 UV lamp(15 W, 365 nm, 1,100µW/cm2)9

}10� �Wjµ" �Q àá ©å+ UV lamp9 æ¶jl ¢ª(V

�M� ©å0�Qç P`+ è�5 Ê jµ$. O2 �`, MFC9 �

Wjl �M� �� oÉ n�jµ0¥, �M� �+' O29 "�Û I

�fÓ� :
 ¢� â��9 �Wjµ$. ��6 é  e4, UV/Vis

(HP 89513A) I} I¹�9 �Wjl fê+ %& Øojµ$.

3. �� �


3-1. ���� ���� ��� ����� TiO2 	�� ��

noe��' {�/�8 n� �É£(Rfuel/O2), �� TiCl4 n� é 

(CTiCl4,0), P` �` �É(Q)U e4f» �¥ TiO2 ¡¢9 �«jµ"

noe� e4+ %& �«Ì TiO2 ¡¢t6 KCU    I¹jµ$.

noe� e4+ �� �A «ë0� Rfuel/O2
, CTiCl4,0, Q, 0.2, 0.3 mol%,

2,000 ml/minU    �Wjµ$.

3-1-1. ²� 4� �M�6 4�ìC

Fig. 3� {�× �86 n� ?-+ %í ²� 4�6 ³a9 î!ï

�ð&� V�!4� ñV$. Fig. 3+' (a)× (c), ordinary diffusion

flame �M��' �89 ò ÎÏ Á�1+ n�j", Í ÎÏ Á�1

� ó ÎÏ Á�1+  f�Â9    n�jµU ô ²� 4�6 ³a

9    õlA$. Ordinary diffusion flame �M�+',  f�Âõ

$ öí ²� � 9 �!, �8� �M� ±� å0� ²�jl {8

�MV Ë^\÷� 4�6 Å�V øÊ� ³a9 õV" #$. Fig. 3+

' (b)× (d), inverted diffusion flame �M��'  f�Â9 ò ÎÏ

Á�1+ n�j" Í ÎÏ Á�1� ó ÎÏ Á�1+ �89 n�j

µU ô6 ²� 4�6 ³a9    \Þù$. inverted diffusion flame

�M�+', �8� �M� úûå0� ²�jl {8�MV Ë^\

÷� 4�6 Å�V ring ³a9 õV" #$. Fig. 3+' (b)6 �¨�

(d)6 �¨õ$ �8� {�×6 {8�MU :
 ²�j, fêV ü

�ý þÿ0� 4�6 �V� �Û \Þ\" #$. Fig. 3+' (a), (b),

(c)6 ²� 4� �M�+' TiO2 ¡¢9    �«jµU �¨ fêV

���+ %& TiO2 ¡¢� �¦6 � QI+ QY5^ �¦6 ËQI

V �d, ÜRV \Þ\ 4� Å�V e³5�$. %&' ° {|+'

, TiO2 ¡¢ �« �ºf fê��+ %& 4� Å�6 e³V �"
Fig. 1. Schematic of experimental setup to prepare nano-sized TiO2

particles.

Fig. 2. Schematic of experimental setup for photo-degradation.
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�¦ �| QI6 �� ÜRV \Þ\! 	, Fig. 3(d)6 4� �M�

9 VWjl TiO2 �
¢9 �«jµ$.

° {|+' �W� inverted diffusion flame �M�6 4�� �  I

Z, {�/�8 n� �É£� 0.2× 0.25Ë ô Fig. 4× Fig. 5+   

\Þß$. Fig. 4+' �¦ �|�Qç6 � [>(z)� 5-20 mm� �¨

²� 4� �M�6 ��?¸(r)0� § 6 mm Q�+' {�× �86

{8�MV Ë^\÷� V Q�+' 4�6 � � �Û \Þ\" #

$. {8 �MV �
Ì È z� 90-120 mm� ���+ %& Õ:�6

ÖP
+ 6� Ö��V ��jÛ 5^ �`� � 78j" #0¥ �

M� ±�Q6 � � úûåõ$ �Û \Þ\" #$. Fig. 5+'  z

� 5-20 mmË ô rV § 6 mm+' 4�6 � � �Û \Þ\" #0

¥ z� 90 mmVRQç �M� úûå0�6 Ö��+ 6
 �M� ±

�Q6 � � úûåõ$ �Û \Þ\" #$. Fig. 4× Fig. 59 £â

¬ ô {�/�86 n� �É£� 0.2-0.25� ���+ %& {8�M+

6� 	ÖÉ6 ��� �[>(z)� 5-20 mm� �¨, ��?¸0� § 6

mm Q�+' 4�6 ��� , § 1,242-1,500 K� ��j" #$.

3-1-2. ²�4� �M�� �«Ì \´ �V� TiO2 }~�6 ¡¢ìC

Fig. 6� {�/�86 n� �É£ e4+ %& �«Ì TiO2 ¡¢t6

¡ IZ9 particle sizer� Øo� 
�V$. {�/�86 n� �É£

� 0.2+' 0.30� ���+ %& 4�� 6 ��� �M� � TiO2

¡¢, �> JC5" �Ú+ 6
 ö�Û CFj÷� TiO26 �� ¡

¢­�� 106.7 nm+' 134.8 nm� ��j" #$. Fig. 7+', ��

TiCl4 é e4+ %í TiO2 ¡¢t6 ¡ IZ9 particle sizer� Øo

jl \Þß$. �� TiCl4 é � 0.3+' 0.9 mol%� ���+ %&

Fig. 3. Photographs of diffusion flame.

Fig. 4. Temperature profiles in the flame reactor for various axial dis-
tances(Rfuel/O2

=0.2, Q=1,500 ml/min).
���� �40� �4� 2002� 8�
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�«Ì TiO2 ¡¢6 é , ��j÷� ¡¢ �Ú+ 6� CF � �

��jl �� ¡¢ ­�� 106.5 nm+' 140.8 nm� ö�Û CF�

ñU õlÕ" #$. Table 1+ noe�+ %& �«Ì TiO2 ¡¢t6

�� ­�9 \Þß0¥ {�/�86 n� �É£� ��j[\ ��

TiCl4 é � ���+ %& ¡¢ �Ú � 6 ��� TiO2 ¡¢6 �

� ¡¢ ­�, ��j" #$. P` �`�ÉV 2,000 ml/min+' 1,000

ml/min� 78�+ %& ¡¢t6 �M� � `�fêV ��jl ü �

�Á© ¡¢ �ÚU jÛ 5÷� TiO2 ¡¢6 ­�, 108.9 nm+'

139.2 nm� ��j" #$. �«Ì TiO2 ¡¢6 £@�/U Øo� 
�

�� TiCl4 n� é � 0.3, 0.6, 0.9 mol%� ���+ %& �� ¡¢ ­

�� ��j÷� £@�/V 149.1, 131.8, 123.4 m2/g� 78jµ$.

Fig. 8+, P`�` �É e4+ %í TiO2 ¡¢t6 XRD ��U \

Þß$. ° {|+' �«Ì TiO2 ¡¢6 anatase× rutile6 «C£,

Degussa P25 ��U �A0� jl R�/0� p�jµ$. P`�`

�ÉU 1,500 ml/min0� jµU ô �QIV anatase� TiO2 ¡¢� �

Table 1. Average particle sizes for various experimental conditions

Experimental conditions Average particle size

Ratio of Fuel/O2 0.2
0.25
0.3

106.7 nm
122.2 nm
134.8 nm

Inlet TiCl4
concentration

0.3 mol%
0.6 mol%
0.9 mol%

106.5 nm
122.2 nm
140.8 nm

Total gas flow rate 2,000 ml/min
1,500 ml/min
1,000 ml/min

108.9 nm
122.2 nm
139.2 nm

Fig. 5. Temperature profiles in the flame reactor for various axial dis-
tances (Rfuel/O2

=0.25, Q=1,500 ml/min).

Fig. 6. Particle size distribution prepared by inverted diffusion flame reactor
for various fuel/O2 input ratios(CTiCl4,0

=0.3 mol%, Q=1,000 ml/min).

Fig. 7. Particle size distribution prepared by inverted diffusion flame reactor
for various inlet TiCl 4 concentrations(Rfuel/O2=0.2, Q=1,000 ml/min).

Fig. 8. XRD patterns of TiO2 particles prepared by inverted diffusion flame
reactor for various total gas flow rates.
HWAHAK KONGHAK Vol. 40, No. 4, August, 2002
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«5�"(Fig. 8(a)) P`�` �ÉV 1,000 ml/minË ô, TiO2 ¡¢�

"�6 4�+ `�j, fêV ��jl rutile6 �ÉV 35%� TiO2

¡¢� �«5�$(Fig. 8(b)).

3-2. TiO2 	��� ��� ��� 	
�

}I
 �º+' noe�� }~� �M+ �¶, ·¸U I¹j�

:
 no e��' TiO2 ~�É(ATiO2), �� �� é (CPhenol,0), O2

n� �É(QO2), TiO2 ¡¢6 �� ­�(dTiO2), rutile/anatase «C£ �

U e4f�$. noe�+ �� �A «ë0� ATiO2, CPhenol,0, QO2�

0.3 g/l, 300 ppm, 50 ml/min9, }~��, �� ¡¢ ­�� 104.1 nm

V" anatase� �QI� TiO2 ¡¢9    �Wjµ$.

3-2-1. TiO2 ~�É+ %í ��6 }I
 ·¸

Fig. 9+', ��6 é � 300 ppmË ô TiO2 }~�6 Õ¡É+

%í ��6 é  e49 fê+ %& \Þß$. }I
 �Mfê(t)V

���+ %& }I
 �M+ 6
 ��6 é � 78j" #0¥ }

~�ÉV ���+ %& ��6 }I
 � � ��jl �� é �

ö�Û 78j" #$. j!� }~�ÉV 0.3 g/lVRQç, }~�É

V ���+ %& ��6 é  78, [6 Ù�5! 	�0÷� ° �

ºF¶+'6 �/6 ~� Õ¡É0� 0.3 g/lU �Wjµ$. t=25 min

+' }~�6 }I
½� [6 100%� ñU õV" #$. �� ��

6 é + %í ��6 }I
 � R�9 p�j� :
 ln(CA0/CA)9

fê+ %& Fig. 10+ \Þß$. ln(CA0/CA)-vs-fê ��� 1m ���

\Þ\" #^' ° {|+' ��6 }I
 �MV �� é + �


' 1m �M�U � � #�" ° �º6 �A «ë+' �M �  R

�(k)� ���0� § 0.247 min−1� \Þ $.

3-2-2. O2 n� �+ %í �� }I
 ·¸

Fig. 11+, O2 n� �É e4+ %í ��6 é  e49 fê+ %

& \Þß$. ° �º+' O29 n�j! 	"(QO2=0 ml/min) TiO2�

Õ¡� È UV9 «�� �¨ 30I È+ ��6 é  e4� § 1%�

\Þ\ O2� n�5! 	0� }~� �MV [6 Ë^\! 	!U �

� #�$. TiO2 }~� �M+' O2, UV «�+ 6
 TiO2 }~�

+ l�Ì conduction band6 P¢× valance band6 electron hole� �

Mjl O2
−× HO2 &î"U ³Cj¥ VtV }~� �M+ #lj,

Fig. 9. Effects of TiO2 amount on phenol degradation(QO2
=50 ml/min,

Cphenol,0=300 ppm, dTiO2
=122.6 nm).

Fig. 10. Reaction rate constants of phenol photo-degradation reaction for
various initial phenol concentrations(ATiO2

=0.3 g/l, QO2
=50 ml/min,

dTiO2
=122.6 nm).

Fig. 11. Effects of O2 bubbling flow rate on phenol degradation(ATiO2
=

0.3 g/l, Cphenol,0=300 ppm, dTiO2
=122.6 nm).
���� �40� �4� 2002� 8�
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ñ0� ��$ #$. %&' O2 n� �ÉV ���+ %& TiO2 }~

�6 BCV ��jl ��6 �[ � � ��j" #$. O2 �ÉV

50 ml/min VR+', K�+ O2 n�ÉV V� �Ijl O2 n�ÉV

��jl  �� �[ ¼½V ­Û ��j! 	, ñU õV" #$.

O2 n� �ÉV 50 ml/min+' fêV 20 min ��%U ô [6 100%

��V �[5�0¥ ° �º+', O26 n��ÉU 50 ml/min0�

"of�$.

3-2-3. TiO2 ¡¢ ­�+ %í }I
 ·¸

Fig. 12+', TiO2 }~�6 �� ¡¢ ­�+ %í ��6 é  e4

9 fê+ %& \Þß$. TiO2 ¡¢6 ­�� 129.7 nm+' 104.1 nm�

78�+ %& TiO2 ¡¢6 £@�/V ��j÷� }~� @�+'6

}I
 � � ��jl ��6 é � ü& �> 78�U � � #$.

3-2-4. TiO2 
o|«+ %í }I
 ·¸

Fig. 13+, ° �º+' �«� �QIV anatase� TiO2× anatase�

65%� TiO26 ��6 }I
½U Degussa P25(75% anatase TiO2)6

}I
½� £âjl \Þß$. TiO26 
o |«+, anatase, rutile �

brookite� #" anatase× rutile |«9 �!, TiO2 ¡¢tV }~�

�M+ Õ� �W5" #$. Ë�/0� anatase |«9 �!, }~�

� ̈ �� BCU �!, ñ0� ��$ #0\ ��K�+ %&' rutile

|«9 Z�j, TiO2 ¡¢� BCV ü �� ñ0� õ" Ì ú #0

¥ phenol6 �¨, anataseRV rutileRõ$ BCV ü '� ñ0� õ

" 5" #$[4, 6, 9-11]. ° �º+'  anatase� �QI� TiO2 ¡¢�

��6 }I
+ BCV �F '� ñ0� \Þ 0¥ Degussa P25,

anatase «CV 75%V!� �� ¡¢ ­�� § 3 µm�' ° �º+'

�«Ì TiO2(anatase 65%, dTiO2=123.7 nm)õ$ £@�/V (0÷� �

�6 �[ � � )>Û \Þ\" #$.

4. � �

° {|+', ²�³ 4� �M�9 �Wjl {�/�8 n� �É

£, �� TiCl4 n� é , P` �` �É(Q) �6 noe�9 e4f

» �¥ TiO2 ¡¢9 �«jµ" �«Ì TiO2 ¡¢t6 KCU I¹j

µ$. �� �«Ì TiO2 }~�9 VWjl ��6 }I
 �ºU jµ

0¥ TiO2 ~�É, �� é , O2 n� �É, TiO2 ¡¢6 �� ­�,

rutile/anatase «C£ �6 noe� e4� ��6 }I
 � + �¶

, ·¸U I¹jµ$.

(1) {�/�86 n� �É£� ��¬�Ê, �� TiCl4 n� é �

��¬�Ê, P` �` �ÉV 78¬�Ê TiO2 ¡¢6 �� ­�, �

�jµ$. £@�/� �� TiCl4 n� é � ���+ %& 78jµ$.

(2) P` �` �ÉV 78+ %& "�6 4�+' ¡¢6 `�fê

V ��jl TiO2 ¡¢6 rutileR «C£� ��jµ$.

(3) O2 n� �ÉV ��¬�Ê, TiO2 }~�6 �� ¡¢ ­�� 7

8¬�Ê, anataseR6 «C£� ��¬�Ê, ��6 }I
 � , �

�jµ$.

(4) ° �º+' �W� no «ë+', TiO2 }~�9 VW� ��

6 }I
 �MV �� é + �jl 1m �M0� \Þ $.
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